Abstract. The variable DB white dwarf GD 358 was observed in the WET campaign of May 1990. Seismological modelling of its power spectrum gives the total mass, the mass of the outer helium envelope and the absolute luminosity of the star. Evidences for differential rotation and a weak magnetic field are found. Non-linear processes in oscillation are significant.
Introduction
The Whole Earth Telescope (WET) had, as its primary target in May 1990, the variable DB white dwarf GD 358. We managed to obtain 154 hours of nearly continuous time-series measurements of this object, resulting in a minimum of spectral leakage from gaps in the data. The spectral window for this data set is better than any other we have obtained, before or since. The analysis summarized here took nearly three years to complete, not because we were not diligent about it, but because it required a significant interplay between observation and theory to bring about an adequate description that we could be satisfied with. As I will describe, the analytical procedures we developed and applied to the DOV star PG 1159-035 (Winget et al. 1991) were not adequate to identify the modal structure present, and we had to modify them, and develop new ones, before we could be confident we understood what was going on.
Observations
An eight-hour section of the light curve near the central part of the WET run, when all telescopes were on-line, is shown in Fig. 1 . The presence of high-frequency variations between the obvious pulses is an artifact of our data reduction procedure, were data from different telescopes overlap somewhat imperfectly. We now know how to do this better (Moskalik 1993) and plan to improve the data reductions for this run. No part of the analysis described here is affected by their presence, however. The major pulsations in GD 358 are obviously not sine waves: they appear more like individual pulsations that rise from an underlying base luminosity, and return to it. This behaviour can be expected to yield harmonics in the power spectrum of the light curve; as we will see, they also show very interesting non-linear effects that our current linear models do not mimic. As with PG 1159, the star is telling us its behaviour is more complex than the best models we have constructed to date. We can expect significant developments in our astrophysical understanding as we improve them. Fig. 2 shows the power spectrum from the full WET data set, in the region where pulsation power is highest. Note that the vertical scales are different for the three panels, which have been adjusted so that most of the significant peaks are visible. We immediately notice that most of the power appears as triplets of frequencies, suggesting the presence of í = 1 pulsation modes, split by rotation into triplets
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Frequency (//Hz) with the azimuthal quantum numbers m --1, m = 0 and m = +1. This is also what we found in PG 1159, and were able to identify unambiguously because we also found quintuplet groups, corresponding to l = 2 pulsations with all 2^+1 azimuthal modes represented. The frequencies all showed equal splitting within their degree, £, and the splitting ratio between the two degrees was \/3 = 1.73, just as pulsation theory demands. We could, therefore, be confident we had indentified I and m for all of the significant modes, and could proceed with the seismological analysis.
It is immediately obvious from Fig. 2 that the triplets do not show equal frequency splitting: the splitting in the highest power triplet (marked 15) is nearly twice that shown by the triplet marked 8. We first assumed that both I -1 and £ = 2 pulsations were present, as in PG 1159, and that 2 of the 5 frequencies associated with I -2 were somehow not detected. But there the analysis stopped: they did not have the required splitting ratio, so we could not apply the existing theory to describe them. The assumption that the triplets with smaller splitting were i = 1 and those with the larger were 1 = 1 also led nowhere. There were other complicated patterns at higher frequencies as well, further confusing the issue; I'll describe them, and the explanation we have developed for them, a bit later.
The alternative assumption, that all the triplets are of degree i = 1, requires that their unequal splittings be explained. Magnetic fields can do this, but not alone: there would be only doublets, not triplets, were a magnetic field the sole cause of the splitting. Combining rotation with a magnetic field might work, but seemed unlikely. We were stymied.
Theory
Meanwhile, Kawaler and Bradley worked out a best-fitting model for PG 1159, and were able to derive good values for its mass, rotation period and outer layer thickness (Kawaler & Bradley 1993) , by adjusting their model to fit the variations from uniform period spacing between triplets of like I. Bradley then applied this same procedure to GD 358, basing his fits on different assumptions about the pulsation degree present. One of the parameters that was strongly constrained in the model, in order to fit at all, was the intrinsic luminosity of the star. Using an appropriate bolometric correction and the star's apparent luminosity, Bradley was able to derive a "seismological" distance for the star, which he could compare with the distance derived from parallax measurements of GD 358. When he assumed all of the triplets in the GD 358 power spectrum were of degree t = 1, he could get a good fit to the observed period spacing variations, and could derive a mass of O.6IM0 and a distance of 42±3 pc. This agreed with the parallax distance of 36 ± 4 pc, within the stated errors. On the assumption that the triplets are t -2 his best fit -which was not good at all -yielded a mass of O.2M0 and a distance of 75 pc. As he put it, "either they are I -1 or the parallax is wrong."
Analysis revisited
Armed with this assurance, we returned to the analysis and explored the differences in frequency splitting exhibited by the different triplets. Fig. 3 shows a plot of these values, with the splittings expressed as the absolute value of the separation between the frequencies associated with m = ±1 and the frequency for m = 0, for each triplet. Bradley was also able to identify the specific value for the radial quantum number, k, for each triplet, and we use his derived values to identify them.
We see immediately there is an obvious trend: the frequency splitting AF increases as k increases, until it has almost twice the value at k = 14 -17 as at k = 8 -9. If we ascribe the presence of the triplet structure to stellar rotation, then that portion of the star which controls the frequencies of triplets with larger k is rotating about 1.8 times faster than that portion of the star that sets the frequencies for the smaller k values. Since the larger k values preferentially sample the outermost layers, and the smaller k values the inner layers, we are forced to the conclusion that the star is exhibiting differential rotation, with the outer layers spinning nearly twice as fast than the inner ones.
There is more: notice that the m = +1 splittings are systematically larger than those for m = -1. This is just the effect we would expect if a weak magnetic field is present, in addition to rotation. The effect is obviously small, so the field must be weak. Jones et al. (1989) the field strength of 1300±300 G. Recent theoretical work by Markiel, Thomas & Van Horn (1994) suggests that plasma motions in the convection zone can generate weak magnetic fields by a dynamo process, so perhaps the field we have detected is self-generated.
We can identify 11 triplets in the region of highest power (Fig. 1 ), but there are many more significant peaks in the power spectrum:
we can find 180 or so. For example, there is significant power lying between k = 10 and k = 9 (at about 2080 ¡xHz) which cannot be due to £ -1. It may arise from i -2 modes -an optimist can find 5 peaks there -but our signal/noise ratio is not good enough to be certain. With far more confidence we can identify many higher frequency peaks as the sum of two, and sometimes three, identified triplets in the high power region. Since the triplet splitting is not uniform, quite complex patterns can be formed in this way. We can identify almost all of the significant peaks at higher frequencies as such combinations. Similarly, we find several low-frequency patterns that are the difference between pairs of high-power triplets. There is a rich data harvest here, but we will need to include non-linear effects in our pulsation models before we can explore it.
The origin of GD 358
While it might be possible to explain the differential rotation in GD 358 as a result of contraction from, say, a DOV like PG 1159, another possibility should be explored for the origin of GD 358 and perhaps other DB white dwarfs as well: the merger of twin-degenerate binary systems. Provencal (thesis, 1994) has explored this class of interacting system, characterized by mass transfer of pure He -hydrogen is conspicuous by its absence. The current model (Nather et al. 1981) , based primarily on observations of G 61-29, predicts the mass-losing component of the binary pair will be completely consumed by its companion, and will leave a single, helium-atmosphere object as a relic. Conservation of angular momentum in the process of mass transfer can be expected to spin up the mass accreator, and can perhaps result in the differential rotation we have detected in GD 358. Provencal shows that the space density of known twindegenerates, together with their estimated lifetimes as interacting systems, yields a birth rate for DB stars that is consistent with the known population. Some other observational anomalies concerning DB white dwarfs at different surface temperatures also fit this scenario. We certainly cannot now claim that all DB white dwarfs are the result of degenerate binary mergers, but it is a model we plan to explore in some detail.
Conclusions
In summary, we believe we can explain a large fraction of the significant peaks in the GD 358 power spectrum as arising from a limited set of £ = 1 triplets, together with their sum and difference frequencies. Some power may be present in the form of £ = 2 pulsations, but not with sufficient amplitude to play a part in our analysis. Detailed model fitting (Bradley & Winget 1994) , together with our seismological identifications and analysis ) yields the following description of GD 358.
